gous for an Nkx2.5 null allele die during embryogenesis
Here we describe an unusual homeodomain protein, The lysine at this position in HOP is characteristic of the paired-type homeodomain subclass, which includes called Homeodomain-Only Protein (HOP), which is expressed in the developing heart where it is regulated by Pax-6 and goosecoid. Glutamine-11, leucine-15, phenylalanine-19, alanine-35, leucine-40, and arginines-52 Nkx2.5. We originally named this protein Cameo (cardiac homeodomain) and Epstein and coworkers, who discovand -57 are also highly conserved in other homeodomains and are present in HOP.
ered it independently, named it Toto (Chen et al., 2002 [this issue of Cell]). Through the generation of mice lack-
There are also several divergent amino acids within the HOP homeodomain, some of which would be preing HOP, we show that HOP acts at multiple steps in the pathway for heart development.
dicted to be incompatible with efficient DNA binding. For example, the nine amino acids immediately preceding helix-1 of other homeodomains contain highly conResults served basic residues that extend across the DNA binding site and make contact with the DNA minor groove.
Structure of the HOP Homeodomain
There are no basic residues in this region of HOP and We performed a bioinformatics screen of expressed sethere is a Gly-Pro sequence that would alter the strucquence tag (EST) databases using a homeodomain conture of this amino-terminal arm. HOP contains a glutasensus sequence to identify unknown homeobox genes mine at position 51, whereas every other metazoan hoexpressed in the developing heart. One potential homeomeodomain contains an asparagine at this position, box sequence we identified and subsequently cloned from which makes identical base-specific contacts with a a mouse heart cDNA library appeared to encode an unconserved adenine in the binding sites of all homeodousually small 73 amino acid homeodomain protein, main structures that have been determined (Kornberg, which we named Homeodomain-Only Protein (HOP; Fig-1993) . Residues 53 and 55 are also almost always argiure 1A). There were multiple in-frame termination conine and lysine, respectively, in other homeodomains, dons upstream of the initiating methionine in the HOP whereas in HOP these residues are leucine and glutamic cDNA sequences, indicating that this is the complete acid. Since these residues of other homeodomains make open reading frame. The predicted mouse HOP protein direct contact with the DNA through electrostatic interhas a Mr ϭ 8.3 kDa and a pI of 4.64. Mouse and rat action, the presence of hydrophobic and negatively cDNA sequences encoding identical HOP proteins and charged residues at these positions is unfavorable for a human sequence with six amino acid differences were DNA binding. identified ( Figure 1A HOP antibody showed that HOP protein was localized numerous residues that are highly conserved throughpredominantly to the nucleus ( Figure 1C ). out the homeodomain superfamily ( Figure 1B) (Figure 2A, b) . At E8.5 to 9.5, expression
Generation of HOP Mutant Mice
To investigate the function of HOP in vivo, we generated was also observed in the branchial arches and lateral mesoderm dorsal to the heart (Figure 2A, c, d, and f) .
HOP null mice by gene targeting (Figures 3A and 3B ). Our targeting vector deleted the entire coding region Expression was maintained throughout the ventricular and atrial chambers of the heart through E14.5 (Figure and introduced a nuclear-localized lacZ protein-coding region in-frame with the initiation codon of HOP. 2A, e, g, and h). Beginning at about E12.5, we also observed HOP expression within the periventricular Mice heterozygous for the HOP null mutation were intercrossed to obtain HOP null offspring in the isogenic zone of the neural tube, and by E16.5, expression of HOP was observed in the epithelium of the developing 129Sv background, as well as in the 129Sv/C57BL6 mixed background. In the mixed genetic background, airways of the lungs (Figure 2A, i and j) . A single HOP transcript of 1.3 kb was detected in adult mouse heart, viable homozygous mutants were obtained at postnatal day 10 (P10) at a frequency that approximated Mendelung, brain, and liver ( Figure 2B ).
lian ratios (Table 1) . However, in the isogenic 129Sv background, viable homozygous mutants were underDependence of HOP Expression on Nkx2.5 To begin to determine whether HOP might act within represented at a frequency of 17% compared to the predicted 25% (Table 1 ). These findings suggested that the network of genes that controls heart formation, we examined its expression in a series of mouse mutants the HOP mutant phenotype resulted in embryonic lethality with variable penetrance. with abnormalities in specific steps of cardiac development. Cardiac expression of HOP was downregulated Northern blot and RT-PCR analysis of RNA from heart and liver of HOP null mice confirmed that the targeted in Nkx2.5 mutant embryos ( Figure 2C ), which fail to form Histologic examination and DAPI staining of mutant mutation eliminated expression of HOP mRNA ( Figures  3C and 3D ). Western blot analysis from brain and heart hearts suggested that the increase in size at early ages was largely due to an increase in cardiomyocyte cell of HOP null mice also showed that the HOP protein of ‫9ف‬ kDa was absent in homozygous mutants ( Figure 3E number rather than hypertrophy ( Figure 5A ). This was confirmed by dissociating hearts from wild-type and and data not shown).
mutant littermates and performing cell counts that distinguished cardiac myocytes from fibroblasts. As shown LacZ Expression from the Targeted HOP Allele Embryos harboring the HOP mutation expressed lacZ in Figure 5C , there was approximately a 30% increase in the number of cardiac myocytes in mutant hearts at in a pattern corresponding to that of the endogenous HOP gene ( Figure 3F ). Cardiac expression of lacZ was P1 and P28. The size of cardiomyocytes was similar in mutant and wild-type mice up to 4 weeks of age. especially prominent after E10.5 ( Figure 3F, a-c) . Serial sections of the heart at E11.5 revealed the highest levels At six months of age, a subset of mutant mice developed severely enlarged and dilated hearts with fibrosis of lacZ staining within cardiomyocyte nuclei in the trabecular zone, where proliferation is diminished relative ( Figure 5D ). Histological analysis revealed that myocytes bers were observed in at least two-thirds of mutant mice, but there was variability in cell number.
Altered Gene Expression in Hearts from HOP Mutant Mice
In an effort to identify possible molecular defects in HOP mutant cardiomyocytes, we compared the gene expression profiles of wild-type and mutant hearts at P1 by microarray analysis (Table 2 ). According to our selection criteria for signal strength, background, expression ratio, and reproducibility, a total of 179 genes showed elevated expression and 90 showed reduced expression in mutants compared to controls. Numerous genes involved in cell proliferation were upregulated in mutant hearts. These included genes encoding cyclin D3 and basic transcription element binding protein 1(BTEB1) (Zhang et al., 2001a) . HOP mutants also showed elevated expression of fetal genes that are typically associated with a cardiac stress response, including those encoding ␤-MHC, atrial natriuretic factor (ANF), b-type natriuretic factor (BNP), and skeletal ␣-actin. Interestingly, several smooth muscle-restricted genes, including those encoding SM22, calponin, smooth muscle ␣-actin, ␣-actinin-2, and cysteine-rich protein-2 (CRP2) were upregulated in mutant hearts. The changes in expression of several of the above genes were confirmed by RT-PCR analysis ( Figure 6A ).
Interference with SRF Activity by HOP
A striking number of the genes that were upregulated in the HOP mutant hearts were known targets for SRF Selected genes that were upregulated in HOP mutant hearts at P1 are shown. Relative increases in expression from microarray analysis are shown. Most changes were confirmed by RT-PCR analysis. Genes that are known to regulated by SRF in previous studies are indicated "yes" and genes not shown to be regulated by SRF are indicated "?". to associate with SRF, but HOP is unique in its antagoDiscussion HOP is an unusual homeodomain protein that modulates cardiac growth and development. The phenotypes of HOP mutant mice suggest that HOP acts at two stages of heart development; prior to E11.5, it is involved in expansion of the ventricular myocardium, and later in fetal development it restricts cardiomyocyte proliferation. The effects of HOP on the developing heart correlate with its action as an antagonist of SRF, which plays a dual role in regulating gene expression during cell growth and muscle cell differentiation (Figure 7 ).
-fos CArG box. Parallel translation reactions containing [ 35 S]-methionine were used to quantify relative amounts of translated proteins (not shown). (D) GST-pull down assays. 35 S-methionine-labeled HOP protein was incubated with GST or GST-SRF, followed by binding to glutathioneagarose beads. Labeled proteins were resolved by SDS-PAGE. One-tenth of 35 S-methionine-labeled HOP protein used in GST-SRF pull-down assays was loaded in the input lane. (E) Coimmunoprecipitation of Flag-tagged HOP and HA-tagged SRF from transiently transfected 293T cells. Immunoprecipitations were carried out with agarose-conjugated anti-Flag antibody. Immunoprecipitates were separated by SDS-PAGE and subsequently immunoblotted with anti-HA antibody (right image). One-tenth of the cell extract was immunoblotted with anti-HA antibody as input (left image
)
Negative Regulation of SRF Activity by HOP
The properties of HOP are reminiscent of those of I-POU, eration of cDNA, 3 amplification reactions were subjected to 19 cycles of PCR using a MWG Primus HT thermocycler. The 3 reacExperimental Procedures tions were pooled and unreacted PCR primers and dNTP's were removed using a QIAquick PCR purification kit (Qiagen). Amplified Cloning and Sequencing of HOP cDNA was labeled using a modification of the Bioprime DNA labeling In order to identify novel heart-enriched homeodomain proteins, kit (Invitrogen). It was then added to a microarray containing 27,648 EST databases were screened using a consensus sequence for the murine cDNA elements and incubated at 50ЊC for 18-24 hr. The homeodomain. EST AA222563, which encodes HOP, was isolated arrays were washed, scanned on an Axon GenePix 4000, and the from a 6-week-old mouse heart cDNA library. Full-length cDNA signal intensities for each element were determined using Gene Pix clones were obtained by 5Ј rapid amplification of cDNA ends (RACE) Pro (Axon) as described (Wei et al., 2002) . and by screening a mouse heart cDNA library (Stratagene) with the Microarray analysis was performed in duplicate, reversing the EST as a probe.
Cy-Dyes. The data was preprocessed with an intensity dependent normalization factor (Yang et al., 2002) derived from the Lowess RNA and In Situ Hybridization Analysis function contained in the R statistical package. After the prepro-A mouse multiple tissue Northern blot (Clontech) was hybridized cessing, the data was imported into a custom Access database and under high stringency conditions with a 32 P-labeled probe prepared queried for an expression log ratio of greater than 1 or less than Ϫ1, from EST A222563 to detect HOP transcripts in adult tissues. In situ reproducibility in dye swap arrays, and a minimum median signal hybridization of whole embryos or paraffin sections was performed intensity of twice local background. as described (Passier et al., 2000) . Identical bright and dark field images were captured and silver grains were pseudo-colored red Glutathione S-Transferase Pull-Down Assays using Adobe Photoshop, after which images were superimposed.
A cDNA encoding the complete 508 amino acid human SRF protein was cloned in-frame to Glutathione-S-Transferase (GST) in the pGEX-KG vector. GST-SRF fusion protein was expressed and puriGeneration of HOP Mutant Mice The HOP targeting vector was constructed in a plasmid containing fied as described (Guan and Dixon, 1991). HOP protein was translated in a rabbit reticulocyte lysate (Promega) supplemented with nuclear LacZ (nLacZ), PolNeo, and HSV-TK cassettes. SM-1 ES cells derived from a 129/SvEv mouse strain were electroporated with the [ 35 S]-methionine. For GST-pull-down assays, equal amounts of GST-
